The short-time Fourier transform allows calculation of the amplitude and initial phase distribution of the real signal as functions of time and frequency, whereas the wavelet transform allows calculation of the amplitude and instantaneous phase distribution of the real signal as functions of time and scale. However, for a complete description of the non-stationary signal, we should obtain not only the amplitude, initial phase, and instantaneous phase distribution as functions of time and frequency simultaneously with high precision but also the amplitude distribution as a function of time and phase referred to as the time-phase amplitude spectrum. In this paper, the time-phase amplitude spectrum is presented based on the high-precision time-frequency amplitude spectrum and initial and instantaneous phase spectra that are generated simultaneously by the proposed modified short-time Fourier transform. To minimise the effect of noise on the high-precision time-frequency amplitude spectrum, initial and instantaneous phase spectra, and time-phase amplitude spectrum, the modified short-time Fourier transform is applied to the real signal reconstructed by the peak high-precision time-frequency amplitude spectrum and the high-precision time-frequency instantaneous phase spectrum at that location to obtain the stable high-precision time-frequency amplitude spectrum, initial and instantaneous phase spectra, and stable time-phase amplitude spectrum. Compared with the short-time Fourier transform and wavelet transform, the time-frequency amplitude spectrum and initial and instantaneous phase spectra obtained by the modified short-time Fourier transform have higher precision than those obtained by the shorttime Fourier transform and wavelet transform. Analysis of synthetic data shows that the modified short-time Fourier transform can be used not only for the calculation of the high-precision time-frequency amplitude spectrum, initial and instantaneous phase spectra, and time-phase amplitude spectrum but also for signal reconstruction, stable high-precision time-frequency amplitude spectrum, initial and instantaneous phase spectra, and stable time-phase amplitude spectrum. Analysis of real seismic data applications demonstrates that the stable time-phase amplitude spectrum reveals seismic events with high sensitivity and is well-matched for seismic data processing and interpretation.
I N T R O D U C T I O N
Traditional time-frequency methods, such as the shorttime Fourier transform (STFT) (Gabor 1946 ) and S transform (Stockwell, Mansinha and Lowe 1996; Pinnegar and Mansinha 2003; Xiong, He and Huang 2006; Zhang 2009 ), allow the calculation of the amplitude and initial phase (phase spectrum with variable frequency in the signal at time zero calculated by Fourier transform) distributions of the real signal as functions of time and frequency, whereas the wavelet transform (WT) (Kronland-Martinet, Morlet and Grossmann 1987; Castagna and Sun 2006) allows the calculation of the amplitude and instantaneous phase (Taner, Koehler and Sheriff 1979; McFadden, Cook and Forster 1999; Fomel 2007; Liu and Marfurt 2007) distributions of the real signal as functions of time and scale. However, for a complete description of the non-stationary signal, we should derive the amplitude, initial phase, and instantaneous phase (phase spectrum with variable frequency in the signal at any time calculated by Hilbert transform) distribution as functions of time and frequency simultaneously with high precision and stability and make full use of them to generate the amplitude distribution as a function of time and phase, referred to as the time-phase amplitude spectrum (TPAS). The TPAS is the amplitude spectrum in the time-phase domain, which shows the amplitude changes with respect to the time, initial phase, and instantaneous phase. TPAS can be used for revealing faults and channels and highlighting the seismic events (Marfurt, Kirlin and Farmer 1998; Luo, Saleh and Marhoon 2003; Liu and Marfurt 2007; Puryear et al. 2012) . Thus, TPAS is a good seismic characterisation method that can be a supplement or alternative of the time-frequency spectrum, which mainly reflects the amplitude and phase changes with respect to the time and frequency. This paper describes a modified STFT and the TPAS. This modified STFT is a symmetric function windowed Fourier transform applied to the analytic signal of a real signal that returns the amplitude, initial phase and instantaneous phase distribution of the real signal as functions of time and frequency with high precision called the high-precision timefrequency amplitude spectrum, high-precision time-frequency initial phase spectrum, and high-precision time-frequency instantaneous phase spectrum, respectively. The TPAS is then calculated by the high-precision time-frequency amplitude spectrum, high-precision time-frequency initial phase spectrum, and high-precision time-frequency instantaneous phase spectrum. To improve the stability of the high-precision timefrequency amplitude spectrum, high-precision time-frequency initial phase spectrum, high-precision time-frequency instantaneous phase spectrum, and TPAS, the modified STFT is applied to the real signal reconstructed by the peak highprecision time-frequency amplitude spectrum and highprecision time-frequency instantaneous phase spectrum at that location to obtain the stable high-precision timefrequency amplitude spectrum, stable high-precision time-frequency initial phase spectrum, stable high-precision time-frequency instantaneous phase spectrum, and stable TPAS.
The remainder of this paper is organised as follows. First, the principle of the modified STFT is introduced. Then, a comparison study of the WT and STFT is conducted to highlight the improved features of the modified STFT. Next, the TPAS and stable TPAS procedures are described to further illustrate their properties. Finally, synthetic data and real seismic data are used to demonstrate the abilities of the modified STFT, the TPAS, and the stable TPAS.
P R I N C I P L E S A N D M E T H O D S A The time-frequency analysis methods

A.1 The short-time Fourier transform
The short-time Fourier transform (STFT) of a real signal x(t) is given by
where i = √ −1, τ is the time shift, f is the frequency, and p(t) is a time-window function that meets the following requirements:
(2) S(τ, f ) returns the amplitude and initial phase of variable frequency f in the real signal x(t) p(t−τ ). If we define
A s (τ, f ) and θ s (τ, f ) are the time-frequency amplitude spectrum and the time-frequency initial phase spectrum of the real signal x(t), respectively, at time t = τ .
A.2 The wavelet transform
The wavelet transform (WT) of a real signal x(t) can be expressed as
where τ is the time shift, a is the scale parameter, q(t) is the wavelet function, and * denotes the complex conjugate. If
equation (4) is converted to
Then, C(τ, f ) provides the amplitude and initial phase of variable frequency f in real signal x(t + τ ) p(t), i.e., it returns the amplitude and instantaneous phase of variable frequency f in real signal x(t) p(t−τ ) at time t = τ . If we define
where A w (τ, f ) and θ w (τ, f ) are the time-frequency amplitude spectrum and the time-frequency instantaneous phase spectrum of real signal x(t) at time t = τ , respectively; then, based on equations (3), (6), and (7), we get
A.3 The modified short-time Fourier transform
For an accurate description of the non-stationary signal, we should derive the time-frequency amplitude spectrum and time-frequency initial and instantaneous phase spectra simultaneously with high precision. Based on the STFT and WT, I employ the analytic signal of a real signal instead of the real signal in the STFT and WT to propose the modified STFT of the real signal x(t) given by
where n = {0, 1}, p(t) is a time-window function with any form that meets the condition in equation (2), and z(t) denotes the analytic signal of real signal x(t) given by the Hilbert transform (Taner et al. 1979) . Let us perform an in-depth analysis on the modified STFT in equation (9), which can be represented as
(10) H 0 (τ, f ) returns the amplitude and initial phase of variable frequency f in signal z(t) p(t − τ ), and H 1 (τ, f ) returns the amplitude and instantaneous phase of variable frequency f in signal z(t) p(t − τ ) at time t = τ .
If we define
and
where max[] denotes the maximum value, then
, and θ 0 (τ, f τ ) are the high-precision timefrequency amplitude spectrum, the high-precision timefrequency initial phase spectrum, the peak amplitude, and the peak initial phase of real signal x(t) at time t = τ , respectively.
, and f τ are the highprecision time-frequency amplitude spectrum, high-precision time-frequency instantaneous phase spectrum, peak amplitude, peak time-frequency instantaneous phase, and peak frequency of real signal x(t) at time t = τ , respectively. As
The Fourier transform and STFT are generally computed in the frequency domain. For a better understanding of the modified STFT in contrast with the STFT and WT, the modified STFT and WT are rewritten in the frequency domain given by
where Z(ν), X(ν), and P(ν) are the Fourier transforms of z(t), x(t), and p(t), respectively, and
where P 1 (ν) and P 2 (ν) are both even functions in the real number field. Based on the Hilbert transform and Fourier transform, only when
we have
real signal R(t, f ) is the zero-phase band-pass filter result of x(t) and H 1 (τ, f ) is the analytic signal of R(τ, f ). Thus, the modified STFT expressed in equation (15) returns the instantaneous phase and instantaneous amplitude of signal R(τ, f ). Only when X(0)G 1 (0) = 0 and G 2 (ν) = 0, the WT expressed in equation (6) returns the instantaneous phase and half instantaneous amplitude of signal R(τ, f ). When X(0)G 1 (0) = 0 or G 2 (ν) = 0, the WT expressed in equation (6) returns neither the instantaneous phase nor the instantaneous amplitude of signal R(τ, f ). Then, with the same time-window function, results of the modified STFT exhibit higher precision than those of WT. Based on equations (8), (14), and (18), we have
. (20) Therefore, with the same time-window function, results of the modified STFT exhibit higher precision than those of the WT and STFT.
B The time-phase amplitude spectrum
For a complete description of the non-stationary signal, I put forward the time-phase amplitude spectrum (TPAS), which makes full use of the high-precision time-frequency amplitude spectrum, high-precision time-frequency initial, and instantaneous phase spectra after the modified STFT.
Considering two constants θ 2 and θ 3 as the phase spectra, the TPAS of the real signal x(t) at time t = τ is given by
where α > 0 and
When α > 1, the weight of the strong energy in the timefrequency amplitude spectrum is improved; when 0 < α ≤ 1, the weight of the weak energy in the time-frequency amplitude spectrum is improved. If we define the phase spectrum increment as
with increasing θ , the TPAS resolution decreases, but the TPAS stability improves. Because the initial phase changes slower than the instantaneous phase, the high-precision timefrequency initial phase spectrum changes slower than the high-precision time-frequency instantaneous phase spectrum. Therefore, the TPAS calculated by the high-precision timefrequency amplitude and instantaneous phase spectra has a higher resolution than the TPAS calculated by the highprecision time-frequency amplitude and initial phase spectra.
C The stable time-phase amplitude spectrum
The high-precision time-frequency amplitude spectrum, high-precision time-frequency initial phase spectrum, highprecision time-frequency instantaneous phase spectrum, and TPAS are sensitive to random noise, whereas the peak amplitude and peak instantaneous phase exhibit good immunity to random noise. For a noisy signal, I use the peak amplitude and peak instantaneous phase to reconstruct the signal with high signal-to-noise ratio; and then, I apply the modified STFT to the reconstructed signal to obtain the stable high-precision time-frequency amplitude spectrum, stable high-precision time-frequency initial phase, and instantaneous phase spectra and further use them to generate the stable TPAS. The reconstructed signal of the real signal x(t), by using equations (11), (12), and (22), can be defined as
where Re[] takes the real part of a complex signal. Next, based on equation (9), the modified STFT of the real signal r (t) can be expressed as (25) where h(t) is the analytic signal of the reconstructed real signal r (t).
Consider the following equation:
For n = 1, A r (τ, f ) and θ r (τ, f ) are the stable highprecision time-frequency amplitude spectrum and stable highprecision time-frequency instantaneous phase spectrum of the
between (b) and (d), and (g) ratio between (b) and (d).
signal x(t) at time t = τ , respectively. For n = 0, A r (τ, f ), and θ r (τ, f ) are the stable high-precision time-frequency amplitude spectrum and stable high-precision time-frequency initial phase spectrum of the signal x(t) at time t = τ , respectively. When θ r (τ, f ) ∈ [0, 2π ], the stable TPAS of the real signal x(t) is given by
The stable TPAS is more precise and immune to noise and can be used for edge detection, event picking, and other applications.
E X A M P L E S
In this section, one set of synthetic data is first used to compare the modified short-time Fourier transform (STFT) with the wavelet transform (WT) and STFT, with the aim to show the superiority of the modified STFT. Then, the other synthetic data are used to demonstrate the various attribute characteristics after the modified STFT. The behaviour of the time-phase amplitude spectrum (TPAS) and stable TPAS is also investigated. Next, the synthetic data with added noise are used to study the noise robustness of the stable TPAS with the comparison of the TPAS. Finally, a time slice extracted from a 3D seismic data is used to demonstrate the features of the TPAS and stable TPAS after the modified STFT. Because the stable TPAS is more robust to noise than the TPAS, we mainly use the stable TPAS for actual data processing. As an example to illustrate the features of the stable TPAS, the stable TPAS after the modified STFT is applied for faults and channel identification, and a comparative study with the Hilbert transform is conducted. Note that the Hilbert transform is used to obtain the instantaneous amplitude and instantaneous phase.
A Synthetic data 1
For a comparative study of the modified STFT with the WT and STFT, one set of synthetic data ( Fig. 1(a) ) is used, and the time-frequency analysis is performed using the same time-window function as
, and (f) difference between (d) and (e). The colour bar is expressed in degrees.
where f is the frequency, λ > 0, and β ≥ 0. The high-precision time-frequency amplitude spectra A 1 (τ, f ) and A 0 (τ, f ) of the synthetic data obtained using the modified STFT are shown in Fig. 1(b) and (c), respectively. The time-frequency amplitude spectra A w (τ, f ) and A s (τ, f ) of the synthetic data obtained using the WT and STFT are shown in Fig. 1(d) and (e), respectively. As shown in Fig. 1(b) -(e), trends of A 1 (τ, f ) and A 0 (τ, f ) are identical to those of A w (τ, f ) and A s (τ, f ). However, A 1 (τ, f ) and A 0 (τ, f ) range from 0 to 3.0, which are the same as the instantaneous amplitude range of the synthetic data, whereas A w (τ, f ) and A s (τ, f ) range from 0 to 1.5.
To more clearly present the amplitude distinctions, the difference between Fig. 1(b) and (d) is shown in Fig. 1(f) . The ratio between Fig. 1(b) and (d) is shown in Fig. 1(g) . As shown in Fig. 1(f) and (g), the difference values are all greater than zero, and the ratio values are in the range of 1.4-3.2. The ratio values are 2.0 when the frequency ranges from 4 to 26 Hz, and the larger ratio values are mainly distributed in the low-and high-frequency bands.
The θ 1 (τ, f ) and θ 0 (τ, f ) of the synthetic data obtained using the modified STFT are shown in Fig. 2(a) and (d) , respectively. Figure 2 (b) shows θ w (τ, f ) of the synthetic data obtained using the WT, and θ s (τ, f ) of the synthetic data obtained using the STFT is shown in Fig. 2(e) . As shown in Fig. 2(a) , (b), (d), and (e), trends of θ 1 (τ, f ) and θ w (τ, f ) are the same as those of θ 0 (τ, f ) and θ s (τ, f ). For a clearer comparison, the difference algorithm between θ 1 (τ, f ) and θ w (τ, f ) is shown in Fig. 2(c) ; the difference between θ 0 (τ, f ) and θ s (τ, f ) is shown in Fig. 2(f) . As shown in Fig. 2(c) and (f), the difference values lie between −45°and 45°. The difference is equal to zero over the frequency range of 4-26 Hz. The larger ratio values are mainly distributed in the low-and high-frequency bands.
In summary, the modified STFT exhibits higher precision than the WT and STFT. 
B Synthetic data 2
The noise-free signal x 1 (t) shown in Fig. 3(a) is a cosine function evolving at a frequency of 20 Hz
As shown in equation (29), the initial phase of signal x 1 (t) is 360°.
The peak amplitude of signal x 1 (t) (Fig. 3(d) ) is identical to the instantaneous amplitude of signal x 1 (t) (Fig. 3(b) ). From Fig. 3(c) and (e), one can verify that the peak instantaneous phase (pink curve in Fig. 3(e) ) is the same as the instantaneous phase of signal x 1 (t) (Fig. 3(c) ). The peak initial phase (blue 
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Figure 5 Noise-free signal: (a) TPAS calculated using Fig. 4 (a) and (b); (b) stable TPAS calculated using stable high-precision time-frequency amplitude and initial phase spectra; (c) TPAS calculated using Fig. 4 (c) and (d); and (d) stable TPAS calculated using stable high-precision time-frequency amplitude and instantaneous phase spectra.
curve in Fig. 3(e) ) is identical to the initial phase, whereas the signal reconstructed by the peak amplitude and the peak instantaneous phase (Fig. 3(f) ) is identical to signal x 1 (t). The A 0 (τ, f ) and θ 0 (τ, f ) of signal x 1 (t) are shown in Fig. 4(a) and (b), respectively, whereas Fig. 4(c) and (d) shows A 1 (τ, f ) and θ 1 (τ, f ) of signal x 1 (t), respectively. The peak frequency is 20 Hz, as expected.
As shown in Fig. 5 , the TPAS (Fig. 5(a) ) calculated using A 0 (τ, f ) and θ 0 (τ, f ) of signal x 1 (t) is identical to the stable TPAS (Fig. 5(b) ) calculated using A 0 (τ, f ) and θ 0 (τ, f ) of the reconstructed signal (Fig. 3(f) ). The TPAS (Fig. 5(c) ) calculated using A 1 (τ, f ) and θ 1 (τ, f ) of signal x 1 (t) is identical to the stable TPAS (Fig. 5(d) ) calculated using A 1 (τ, f ) and θ 1 (τ, f ) of the reconstructed signal.
Let us consider the TPAS and stable TPAS while θ 2 = θ 3 = 0
• and θ 2 = θ 3 = 180
• for analysis. The TPAS extracted θ 2 = θ 3 = 180 • , the abrupt changes of TPAS and stable TPAS correspond to the minimum amplitude of signal x 1 (t). Note that the peak amplitude and peak instantaneous phase can be used for signal reconstruction.
C Synthetic data with random noise
Furthermore, for evaluating the noise robustness of the TPAS and stable TPAS, random noise is added to the synthetic data
Figure 9 Noisy signal: (a) TPAS calculated using Fig. 8(a) and (b); (b) stable TPAS calculated using stable high-precision time-frequency amplitude and initial phase spectra; (c) TPAS calculated using Fig. 8(c) and (d); and (d) stable TPAS calculated using stable high-precision time-frequency amplitude and instantaneous phase spectra.
in Fig. 3(a) . The synthetic signal with the added noise has the following form:
where rand(0, 1) is a random number between 0 and 1. The synthetic signal with added noise is shown in Fig. 7(a) . The instantaneous amplitude (Fig. 7(b) ) and instantaneous phase (Fig. 7(c) ) of signal x 2 (t) are both strongly affected by the added random noise. The peak amplitude of signal x 2 (t) (Fig. 7(d) ) is identical to the instantaneous amplitude of signal x 1 (t) (Fig. 3(b) ). The peak instantaneous phase of signal x 2 (t) (pink curve in Fig. 7(e) ) is also the same as the instantaneous phase of signal x 1 (t) (Fig. 3(c) ), whereas the peak initial phase of signal x 2 (t) (blue curve in Fig. 7(e) ) is consistent with the initial phase of signal x 1 (t) (blue curve in Fig. 3(e) ). Notably, the signal reconstructed by the peak amplitude and peak instantaneous phase of signal x 2 (t) (Fig. 7(f) ) is identical to signal x 1 (t) (Fig. 3(a) ), demonstrating that the peak amplitude and peak instantaneous phase offer strong noise robustness.
From A 0 (τ, f ) of signal x 2 (t) (Fig. 8(a) and (c)), the peak frequency remains 20 Hz, i.e., the peak amplitude and frequency are stable and perform much better in the presence of noise. The θ 0 (τ, f ) (Fig. 8(b) ), θ 1 (τ, f ) ( Fig. 8(d) ), and TPAS ( Fig. 9 (a) and (c)) of signal x 2 (t) are all strongly affected by the added random noise. However, the stable TPAS (Fig. 9(b) and (d)) is least affected by random noise. The stable TPAS ( Fig. 9(b) ) calculated using A 0 (τ, f ) and θ 0 (τ, f ) of the reconstructed signal (Fig. 7(f) ) is consistent with the TPAS (Fig. 5(b) ) calculated using A 0 (τ, f ) and θ 0 (τ, f ) of signal x 1 (t). The stable TPAS (Fig. 9(d) ) calculated using A 1 (τ, f ) and θ 1 (τ, f ) of the reconstructed signal (Fig. 7(f) ) is consistent with the TPAS (Fig. 5(d) ) calculated using A 1 (τ, f ) and θ 1 (τ, f ) of signal x 1 (t).
The TPAS extracted from Fig 
D Real data
Faults and channels can manifest themselves as abrupt or gradual changes of amplitudes in the seismic data (Marfurt et al. 1998; Robert 2001; Luo et al. 2003) . We studied illuminating faults and channels in seismic data volumes using instantaneous amplitude obtained by the Hilbert transform (Taner et al. 1979) and found that the Hilbert transform can indicate gradual, in addition to abrupt, changes of seismic amplitudes in a 3D volume. However, the results from the Hilbert transform showed a lower resolution than one might desire. Application of the stable TPAS helps retaining the desired characteristics of the Hilbert transform while overcoming its shortcomings.
In this real seismic data processing, to detect abrupt or gradual changes of seismic amplitudes in the time, inline, and crossline directions, four steps were followed. First, the modified STFT was applied to the 3D seismic data in the time direction to generate the high-precision time-frequency amplitude and instantaneous phase spectra. Second, the peak amplitude and the peak instantaneous phase of the 3D seismic data were used for 3D seismic data reconstruction to reduce the effects of random noise. Third, the modified STFT was applied to the reconstructed 3D seismic data in the time, inline, and crossline directions to generate the stable high-precision time-frequency amplitude spectrum, stable high-precision time-frequency initial phase, and instantaneous phase spectra in the corresponding direction. Finally, the stable TPAS was calculated in the corresponding direction. Figure 11 (a) shows a time slice extracted from 3D seismic data (i.e., after processing has been conducted). The same time slice extracted from the reconstructed 3D seismic data with superimposed interpretation of the main channels (yellow curves) is shown in Fig. 11(b) . The time slice from the reconstructed 3D seismic data in Fig. 11(b) shows a higher signal-to-noise ratio than the original time slice in Fig. 11(a) . Figure 11 (c) shows the same time slice of instantaneous amplitude that was extracted after applying the Hilbert transform to the reconstructed 3D seismic data in the time direction. As shown in Fig. 11(c) , the main channels are represented but with low resolution. The stable TPAS produces better results than the Hilbert transform, as illustrated in Fig. 12 .
Next, we take the time slice of the stable TPAS for analysis. As shown in Figs. 6 and 10, for θ 2 = θ 3 = 0
• , the abrupt changes of the stable TPAS correspond to the peak amplitudes of the reconstructed 3D seismic data. Thus, in the following analysis, θ 2 = 0 • . To ensure the resolution and stability of the stable TPAS, the phase spectrum increment is 8°, i.e., θ 3 = 8
• .
The same time slices of the stable TPAS with θ 2 = 0
• and θ 3 = 8
• calculated using the stable high-precision timefrequency amplitude and instantaneous phase spectra in the time, crossline, and inline directions are shown in Fig. 12(a) -(c), respectively. Figure 13 (a) shows the same time slice of the stable TPAS with θ 2 = 0 • and θ 3 = 8
• calculated using the stable high-precision time-frequency amplitude and initial phase spectra in the time direction. Figures 12(a) -(c) and 13(a) clearly highlight the main channels and are of higher resolution than the Hilbert transform result. Although the time slice after the stable TPAS in Fig. 13 (a) has a lower resolution than Fig. 12(a) -(c), it also highlights the main channels and has a higher resolution than the Hilbert transform result. The red arrow in Fig. 12(a) indicates a better result relative to Fig. 12(b) and (c) ; the red arrows in Fig. 12(b) indicate better results in this figure and in Fig. 12(c) relative to Fig. 12(a) . The origin is that the stable TPAS calculated in the time, crossline, or inline directions produces better results in detecting amplitude changes in the corresponding direction. When there are abrupt changes in the inline or crossline direction but no abrupt changes in the time direction, the stable TPAS calculated in the time direction will be unsatisfactory, as indicated by the areas highlighted by red arrows in Fig. 12(b) . As a result, stable TPAS is applied to the 3D seismic data not only in the time direction but also in the crossline and inline directions.
For comparison, the curvature and coherence attributes for characterising the channels are also shown. Figure  13 (b) and (c) shows the same time slices obtained from curvature and coherence after applying the curvature-data method (Marfurt 2015) and the coherence-data method (Marfurt, Sudhaker and Gersztenkorn 1999; Marfurt 2015) to the reconstructed 3D seismic data, respectively. The stable TPAS highlights the channel system better than the Hilbert transform, the curvature-data, and coherence-data methods.
C O N C L U S I O N S
From this theoretical analysis and these practical applications, the following conclusions are drawn. (i) The modified short-time Fourier transform (STFT) has the ability to simultaneously obtain the time-frequency amplitude spectrum, time-frequency initial phase spectrum, and timefrequency instantaneous phase spectrum with high precision and high stability. Results of the modified STFT exhibit higher precision than those of WT and STFT.
(ii) The peak amplitude and peak instantaneous phase after the modified STFT can be used for high signal-to-noise ratio signal reconstruction. (iii) The time-phase amplitude spectrum (TPAS) allows the calculation of the amplitude distribution as a function of time and local or initial phase, whereas the stable TPAS allows the calculation of the amplitude distribution as a function of time and local or initial phase with high stability and precision. The stable TPAS provides more noise robustness than the TPAS. (iv) The TPAS and stable TPAS can be well used for edge detection, event picking, and other applications. (v) The proposed modified STFT, TPAS, and stable TPAS open the door for introducing more applications in geophysics and possibly in other fields involving signal processing.
